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Executive Summary
In 1994 the Rocky Flats Fluidized Bed Unit (FBU) successfully demonstrated that its in situ neutralization feature captures 99 to 99.9% of all hydrogen chloride (HCl) gas generated by low temperature incineration.
This compares favorably to the 95% HC1 capture efficiency typical for conventional incineration with wet off-gas' scrubbing. Despite its low temperature operation, the FBU successfully destroys hazardous waste as shown by destroying poly-chlorinated biphenyl (PCB) at a 99.99992% destruction and removal efficiency (IDRE) .
T h e successful HCl capture efficiency data validates the FBU's waste minimization strategy to meet or exceed all applicable air emission requirements. The FBU only relies on its air-pollution control (APC) system to remove particulates; APC systems are highly effective and reasonably efficient at removing particulates from incineration off-gas. T h e FBU system relies on its two stage, low temperature, catalyzed oxidation process with in situ neutralization to meet or exceed all other air emission requirements.
Low temperature combustion with in situ neutralization produces minimal amounts of acidic gases, dlioxin and furan, volatile radionuclides, and volatile hazardous and toxic metals. Minimizing these hazards is beneficial because APC systems are generally ineffective or inefficient at removing these pollutants. In sitrc neutralization and low temperature operation combine to make the FBU the safest, most effective, demonstrated incineration technology for hazardous, radioactive mixed waste treatment.
The ability of the FBU's in situ neutralization to .
capture acidic gases is a significant engineering advance in waste minimization technology. The technol-"Off-gas" denotes the mixture of gases and vapors generated by combustion.
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ogy minimizes the HCl, chlorine gas (C12), and chlorinated organic products of incomplete combustion (PICs) produced by incineration. For example, incinerating surrogate waste containing 60% polyvinyl chloride (PVC) in the FBU would produce off-gas containing only 10 to 20 parts per million (ppm) HCl. This low HCI concentration is upstream of the APC system. This results in only 0.004 kilograms per hour (kg/hr) HCl gas entering the APC system, well below the 1.8 kglhr regulatory limit allowed to leave the APC system through stack emissions. In addition, in situ neutralization also precludes production of other acidic gases such as sulfur oxides (SO,) .
Several independent experimental studies verified the low acidic content of FBU off-gas and support the chlorine capture findings are real and repeatable. Furthermore, new 1994 data corroborate pilot-and demonstration-scale data collected at the Rocky Flats Environmental Technology Site in the 1980s.
In situ neutralization also minimizes dioxin and furan production. This is because commingling chlorine with hydrocarbons at 200 to 500°C creates dioxins and furans. Consequently, eliminating chlorine prevents dioxin and furan production in both stages of the FBU process.
The FBU's relatively low operating temperatures volatilize fewer radioactive species than is possible with higher temperature treatment technologies. For example, experiments with FBU technology conducted at Lawrence Livermore National Laboratory show the 550°C first stage bed converts only about 5 x 10-l~ grams per year (g/yr) plutonium to volatile forms. If all this plutonium passes through the second stage bed (as it does), then this plutonium enters the APC system. This compares to about 2 x lo-' g/yr plutonium that would enter an APC system while incinerating at 1200°C using similar waste feed and gas flow conditions. Consequently, low temperature operation results in a 12 order-of-magnitude reduction for plutonium entering the APC system.
Low temperature combustion also minimizes the volatilization of other radionuclides and all hazardous metals except mercury. Therefore, the FBU relies less on APC measures to remediate combustion off-gas than other thermal treatment technologies. Fewer radionuclides and metals entering the APC system improves system safety. This is a significant reason why Rocky Flats favors the FBU over other incineration technologies.
The FBU relies on a state-of-the-art APC system to remove about 99.9999999% of all particulates from the FBU off-gas stream. This APC system is safer and more effective than other off-gas treatment options. The APC system also includes design features to prevent dioxin and furan formation, thereby providing an integrated redundant safety feature. Since the APC system will not remove mercury, mercury removal will take place on the few applicable waste forms before FBU treatment.
Several immobilization methods can prepare the FBU ash from the APC system for safe, long term disposal. Initial polymer encapsulation tests show that low density polyethylene containing 40 to 50% ash surrogate can successfully pass the Toxicity Characteristic Leaching Procedure (TCLP) test. Immobilizing with Portland cement at a 20 to 30% ash content also appears feasible. Improving the ash-to-matrix ratio appears possible with both technologies. Since FBU ash is about 11 to 25 times smaller in volume than waste entering the FBU, the overall chain of treatment steps significantly reduces waste volume. Furthermore, since FBU treatment does not require off-gas scrubbing, there is no secondary waste liquid to treat and dispose. This paper identifies these advances and discusses why Rocky Flats chose to pursue developing the FBU system. Implicit in this discussion is information describing how the Rocky Flats FBU design improves upon other fluidized bed technologies. T h e provided data supports assertions that FBU technology is the most mature thermal treatment system for hazardous radioactive mixed waste. This report finishes by discussing the cost estimates associated with building a low level radioactive mixed waste FBU treatment facility. References to source documents are throughout this report to assist interested readers locate additional information.
Summary Description of the Fluidized Bed Unit
Process
This section describes the FBU process in its simplest form. The intent of this section is to identify the major process concepts only. This discussion omits equipment design, process control, associated support systems, and radioactive containment features of the FBU. Omitting description of these systems simplifies this discussion.
T h e FBU system is a two stage, flameless combustion process for converting solid or liquid combustibles to a chemically stable, dry ash. A block process schematic (see Figure 1 , page 4) shows that two reactor vessels compose the heart of the system. The two vessels are the primary fluidized bed, called theprimaty bed, and the secondary fluidized bed, or aferbzsmer. These vessels contain beds of fluidized solids in which wastes decompose and oxidize.
Fluidization is the operation by which solid particles transform into a fluid-like state through suspension in a gas or liquid. This gas or liquid is the "fluid." In the FBU the fluid is a combination of heated air and nitrogen gas. Passing the fluid upward through a bed of fine particles at a low flow rate merely causes the fluid to percolate through the void spaces between the stationary particles. This is afixedbed. and a few vibrate and move in restricted regions. This is an expandedbed. At a higher velocity, the upward flowing fluid reaches a point where it can just barely suspend all the particles in its stream. At this point the frictional force between the particles and the fluid just balance the weight of the particles; the vertical component of the compressive force between adjacent particles disappears; and the pressure drop through any section of the bed about equals the weight of fluid and particles in that section. T h e bed is just fluidized and is an incipiently fluidized bed.
Increasing the fluid flow rate beyond the incipient fluidization point causes large instabilities with bubbling and channeling in the bed. At higher flow With an increase in flow rate, particles move apart rates, agitation becomes more violent and the movement of solids becomes more vigorous. In addition, the volume of the bed does not expand much beyond its volume at incipient fluidization. Such a bed is a bzsbbling fluidized bed.= Further increasing the fluid flow rate, so that average particles entrain in the gas stream and flow out of the reactor vessel, results in a fastfluidized bed.
tor vessels contain bubbling fluidized beds. Bubbling fluidized beds have excellent heat transfer properties, so uniform temperatures exist throughout each bed. A fluidized bed is the recommended technology whenever there is ample exothermic heat, possibility of a temperature runaway or explosion, and when strict and reliable temperature control is of paramount importance.
Both the FBU's primary bed and afterburner reac-
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Waste enters the primary bed as either a solid or liquid. Solid wastes must enter the reactor as small pieces. Consequently, bulk solids often require size reduction followed by sorting to remove undesirable materials. Size reduction and sorting take place by shredding and classifying. Coarse shredding breaks the waste down to about 1 inch diameter particles. Air classifying and metal removal steps remove smaller, iindesirable dense and metal objects. Fine shredding breaks the waste down to about 0.25 inch diameter pieces for feeding into the FBU.
waste into the primary bed. Fine solids, resins, and liquids can feed directly into the bed without the pretreatment steps. A valve associated with the feed screw helps quickly isolate the solid feed from the bed, if required.
In the primary bed, the waste gasifies and pyrolizes at about 550 f 50°C in the presence of heated air, nitrogen, catalyst, and sorbent. Methanol is the fuel for lheating the bed while starting up the system. No auxiliary bed heating takes place after start-up, rather the A screw continuously feeds the particulate solid Ibid., p. 34.
. . heat of the oxidizing waste maintains the bed temperature. The ratio of air-to-nitrogen fed into the bed controls the rate of waste pyrolysis and heat generation. The catalyst allows pyrolysis to occur at the low temperature and provides a "thermal inertia" effect that helps stabilize the operating temperature. The sorbent provides an effective neutralizing media for acidic offgas. Small particles of combustion byproducts from the pyrolysis reaction continuously elutriate out of the bed with the gas flow and the screw feeder continuously metal filters remove particulates larger than a 5 micron (5 x 10" meter) diameter. A catalytic converter polishes' any small amount of hydrocarbons in the off-gas stream. Glass high efficiency particulate air (HEFA) filters remove the smaller particles, and metal HEPA filters provide a backup to the glass HEPA filters. Heating the cyclone, lines, sintered metal filters, and catalytic converter to above 500°C prevents dioxin and furan production in the APC system. Ash from the cyclones and filters are the only solid byproduct and coladds new waste to the bed.
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A cyclone separator removes the fly ash and salt generated from the sorbent/chlorine reaction from the process off-gas before it enters the afterburner. The afterburner contains catalyst and operates at 650 * 50°C and oxidizes the off-gas in the presence of air and catalyst to form carbon dioxide and water vapor.
Particulates and gases departing the afterburner enter the AF'C system. In the AF'C system, a cyclone separator removes the coarsest particles. Sintered lect for storage or additional treatment. Cementation or polymer encapsulation treatment immobilize any heavy metals present in the ash. from the bed through the AFC system is the air ejector. The air ejector keeps the entire system below atmospheric pressure so that any leaks result in gas flow into the system. HEFA filters after the ejector provide additional particulate removal before the gases pass to
The motive force for transferring gas and particles Jonathan Wade illustration.
the building plenum and an additional four stage HEPA filtration system. Since the sorbent captures virtually all acidic gases in the primary bed, the APC system does not require wet off-gas scrubbing. In this way the FBU is different than other thermal treatment technologies that need to treat large volumes of contaminated water from the scrubber. This is a major advantage of the FBU system when compared to other thermal treatment systems.
Another advantage of the FBU system is its all metal materials of construction. Neither the primary nor the afterburner reactor vessels require a refractory ceramic lining. T h e system does not require a lining because the system operates at temperatures low enough to allow use of nickel, chromium, or cobalt based superalloy metals as the materials of construction for reactor vessels and process piping.
shock, eliminating the lining enables faster start-up and shut-down of the FBU system than is possible with other incineration processes. Fast response capability contributes to FBU system safety.
Ceramic refractory linings also assimilate heavy metals and radionuclides. Therefore, eliminating the refractory lining also eliminates a radioactive secondary waste form from the process that would require RCRA treatment upon its removal. Eliminating the refractory lining also simplifies accounting for radioactive material inventory during ongoing system operation. Finally, eliminating the refractory lining obviates repairing and replacing the refractory as it wears, thereby reducing radiation exposure to workers. A recent report commenting on the FBU system mistakenly indicated a "wet/dry" system would lead to better removal of "the high chloride content" in FBU off gases. Implicit in the report is the assertion that wet/dry scrubbing would lead to better metal removal 
and better prevention of dioxin formation than possible with the FBU's in sita neutralization. However, some facts quoted in the report did not support this assertion. For example, the report cited that Joy Energy Systems of Charlotte, North Carolina, believed they could achieve 95% HCl removal by spraying the off-gas with a wet lime slurry before the bag house." AIRPOL, Inc., of Teterboro, New Jersey, recommended a dry scrubber to remove 90 to 99% of HC1.I6 Neither of these numbers meets the 99 to 99.9% HC1 removal efficiency of the FBU. The FBU is superior to these industry standard performance estimates. Furthermore, the report did not convey the authors understood that in sita neutralization led to a low chlorine content in FBU off-gas.
It would be possible (though undesirable) for Rocky Flats to add liquid o€f-gas scrubbing to the FBU APC system. T h e HCl stack emissions from the FBU with off-gas scrubbing technology would range from 0.0002 to 0.001 1 kg/hr. This calculation assumes the 95% efficiency for the industry standard systems can apply to the low HCl concentration in the FBU off-gas. The 95% estimate comes from the previous industry examples and illustrate what is typical for off-gas scrubbing technologies. However, the trade-off is higher capital and operating costs for the APC system, and higher treatment and disposal costs for the evaporated salt from the off-gas scrubbing technology.
While liquid off-gas scrubbing could help meet future, more stringent emission regulations, other, more beneficial alternatives exist to improve APC performance, if required. T h e best option is to perfect the in situ neutralization process. Optimizing in situ neutralization is preferable to off-gas scrubbing and its undesirable aqueous waste byproducts. Another opsion is to use a carbon filter back-up to the in situ neutralization. T h e carbon filter, if required, could provide a Ibid.. p. B-15.
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more economically prudent approach to meeting future air emission requirements than adding liquid offgas scrubbing technology. Using semi-permeable membranes to partition unwanted hydrocarbons from the off-gas is another innovative, though less proven possibility for meeting emission requirements.
This analysis brings up an important difference between the FBU and most incineration technologies. The common industry approach assumes the APC system performs independently of the incineration technology. This type of thinking results in systems consisting of the best incinerator coupled to the best APC system. The Rocky Flats approach differs by integrating APC into the incineration technology itself, and results from looking for the best overall solution to the Rocky Flats waste problem in the context of the operating environment.
In the FBU, minimizing air pollution starts by minimizing hazardous off-gas, radionuclides, and heavy metals created while incinerating. At the same time, the FBU minimizes solid waste production. Minimizing waste production is an urgent requirement while working with radioactive materials and merely beneficial in most industrial hazardous waste treatment applications. Minimizing waste is an urgent requirement because of the cost of secondary waste treatment and the shortage and expense of disposal sites for radioactive wastes. The FBU minimizes primary waste by making ash, which is smaller in size than the original waste. The FBU minimizes secondary wastes by eliminating evaporator salts resulting from treating offgas scrubbing solutions and by eliminating immobilized refractory vessel linings. Therefore, low temperature operation with in sita neutralization contributes to meeting or exceeding air pollution requirements while helping to minimize secondary waste production. This waste minimization or pollution prevention strategy can avoid capital costs, lower operating costs, and the EPA strongly supports this philosophy." 
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Minimizing Chlorine Effectively Suppresses Dioxin and Furan Production
Fly ash in contact with chlorine containing off-gas in the 200 to 400°C range creates dioxins, and in the 200 to 500°C range creates furans.18 Rocky Flats' combustion strategy precludes this problem by incorporating multiple, independent features in the incineration and APC systems to prevent formation of these toxic, gaseous species. This strategy takes advantage of safety features integral to the FBU design. Eliminating chlorine production during incinera-. tion is a preferred waste minimization or pollution prevention strategy; removing dioxins and furans using only off-gas scrubbing is merely a waste remediation strategy. As the data from the sorbent experiments show, Rocky Flats is having success eliminating HCI from off-gas through use of sodium carbonate sorbent. This data is both credible and independently verified.
T h e rest of this report uses the simple term "dioxin" to refer to both dioxins and furans. While this is not strictly correct, this convention significantly streamlines sentence structures and improves clarity. T h e gaseous species referred to are polychlorinated dibenzo-$-dioxins (PCDD) and polychlorinated dibenzofurans (PCDF).
There are two zones where dioxin formation occurs in typical waste combustion systems. T h e first is inside the combustion zone where poor mixing and very Iow temperature pathways of less than 400°C can let dioxin escape oxidation. There are several alternative theories regarding how dioxin formation occurs in the combustion zone. All of these theories agree that if dioxin experiences high temperatures with sufficient oxygen then destruction Will occur with extremely high efficiency. Modern waste combustion furnaces now incorporate "good combustion practices'' as part of their design. These practices are a set of design and operation parameters specifically focused on minimizing organic emissions. T h e practices include uniform, A trial burn of polychlorinated biphenyl (PCB) transformer fluid in a fluidized bed incinerator has been completed at Rocky Flats Plant (RFP). Extensive sampling procedures were used to assess the efficiency of the burn; analysis by Rocky Flats Plant laboratories of the samples collected gave a 99.99992 percent PCB destruction efficiency. This compares well with the independent EPA analysis indicating that 99.9999 percent of the PCB was destroyed."
T h e FBU avoids the dioxin problems inherent to
The report includes complete analysis data and a discussion of all analytical techniques; the analysis did not detect dioxins in the off-gas stream. This destruction efficiency occurred using the pilot-scale FBU operating at an average of 595°C in the primary bed, and 695°C in the afterburner.
The second zone of dioxin formation is downstream of the combustion process. The zone results from a catalytic mechanism in which dioxin precursors react with metals in the fly ash to form dioxin. This zone is usually the dominant source of dioxin formation in many waste combustion devices. The temperature of the off-gas particles and the off-gas quench rate significantly influence this process."
The FBU has three independent mechanisms to prevent dioxin formation while cooling of the off-gas. They are:
1. Eliminating the chlorine from the waste stream by in situ neutralization; Using heaters to keep the off-gas warmer than 500°C until it passes through the sintered metal filters to eliminate commingling between ash and off-gas within the temperature range of concern; and, Quickly cooling the off-gas only after removing the fly ash.
2.
3.
Low Temperatures Significantly Reduce Radionuclide Volatility
Minimizing radionuclide emissions is a crucial safety concern at Rocky Flats. A recent assessment of the FBU did not adequately address radioactive emission requirements because the industrial representatives contacted for the report lack understanding of radionuclides. By the report's own admission, "the [incineration] industry has almost no experience with radionuclides in mixed waste."" Fortunately, Rocky Flats personnel are better versed in radionuclide volatility and emissions than the industrial representatives. Combustion does not destroy radionuclides. Radionuclides must either exit the combustion chamber in the ash as a solid or in the off-gas as a vapor or par- ticle. Rocky Flats has a twofold strategy to minimize radionuclide emissions: minimize their production and remove them in the APC system.
Since minimizing the plutonium and other radionuclides in the off-gas emissions is a high priority safety concern, Rocky Flats initiated a significant experimental effort at Lawrence Livermore National Laboratory (LLNL) to provide real data to understand and engineer a successful overall system. The LLNL data shows that actinide emission suppression in the FBU takes place by three separate but related effects: low temperature operation, the presence of sodium carbonate, and low chlorine concentration in the offgas. The FBU system minimizes radionuclide emissions to a greater extent than is possible by remediation with APC technology alone.
The LLNL data in Table I (page 11) shows how increasing only the operating temperature of a typical incinerator from 550 to 1200°C increases the radionuclide emissions. Elevating the temperature increases the plutonium volatilized by the reactor from 5 x grams per year (g/yr) to 2 x lo-' glyr, a twelve order-ofmagnitude increase. The americium increases from 3 x g/yr to 2 x 10" g/yr, another twelve order-ofmagnitude increase. The uranium volatilization increases from 8 x 10'' glyr to 9 x lo4 glyr, a nine orderof-magnitude increase. The additional radionuclides dramatically increase the burden on an APC system. These lower temperatures are relevant because the primary stage of the proposed FBU system at Rocky Flats would operate at 550 to 600"C, while rotary kilns and other incinerators typically operate at 1200°C and above. Because the FBU operates at a lower temperature than other thermal treatment systems it produces less radioactive metals for the APC system to remediate.
The data is significant because most plutonium, uranium, and americium releases to the environment would happen via vapor transport. A typical APC system in the DOE complex can remove about 99.9999% of the particulates in off-gas using three or four stage HEPA filtration, with each HEPA filter operating at a 99.97% efficiency. This constitutes a six order-of- transpiration methodz4 to experimentally determine the volatility of plutonium, americium, and uranium. The measured quantities are the volatile species emanating from solid plutonium oxide (PuO,) and from a solid solution of 1,000 ppm americium oxide in plutonium oxide (PuOz/(l ,000 ppm}AmOZ). The environment for these tests included steam and oxygen, both at 0.1 atm, at temperatures of 957 to 1,057"C. The volatile species are P u O~( O H )~ and An10~(0H)~ gases, respectively; these gaseous species are plutonium-and americium-oxyhydroxides. Other experiments also found the amount of uranium volatilizing from solid uranium T o acquire the data for Table I Table I manually interpolated from the figure]. 24 In the transpiration method, a known amount of carrier gas is slowly passed over a solid or liquid in a furnace chamber, such that any volatile gases produced become entrained in the carrier gas and are swept out of the chamber where the volatilized gas is then condensed and analyzed. The carrier gas may also contain reaccive gases that contribute .to forming the volatilizing species. Ibid.. p. 5.
oxide (U308) in the presence of steam and oxygen. The volatile species are uranium trioxide (UO,) and oxyhydroxide [UOz(OH)z] gases." teristics for a typical incinerator to compile Table I . The waste feed included sufficient plutonium, uranium, and americium to saturate the off-gas in the system. The plutonium and americium are present as solid PuOz with 1,000 ppm AmOz in solid solution. Uranium is present as solid U30,. Incinerator operating conditions are 1 atm total pressure with 0.1 atm 0, gas and 0.1 atm H,O gas at a gas flow rate of 40 kilomoles per hour (kmols/h). Operational time is 6,000 hours per year.z6 Table I values do not consider actinide volatilization from the formation of oxychlorides and oxyfluo-LLNL also had to assume the operating characrides.
In addition to lower temperatures, the FBU also has a sodium carbonate bed that further suppresses the volatility of actinides. The presence of sodium carbonate in the FBU reduces the volatility of uranium by about a factor of ten, and mildly suppresses the formation of volatile americium-and plutoniumoxyhydroxides." The formation of disodium uranate (NaZU04) causes the large reduction in uranium volatilization. The NaZU04 forms in the presence of so- Table I) 2. Typical incinerator at artificially low temperature with typical chlorine concentration 3. FBU without sorbent or chlorine gas (fmm Table I 1.7 x glyr U, and less than 2 x lo-'' g/yr Am.% Table 11 , Scenario 5 shows these values for comparison with other estimates. These are the estimated rates for these metals entering the FBU's APC system.
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In another separate study LLNL estimated variations in actinide volatilization during combustion caused by varying only the chlorine concentration in the off-gas. T h e concern was that HCl could significantly increase the volatilities off all actinide species. Chlorinated oxide gases of U02C12, PuOZCl2, and Am02C12 are the volatile species in the presence of HCl. The vapor pressure of UOzC12 is available from thermodynamic data. Recent thermodynamic data on P U O~( O H )~ volatility can provide predictive estimated thermodynamic data €or PuOZCl2. T h e assumption is that AmO2ClZ and PuOZCl2 have the same vapor pressure, but for Am02C12 the pressure relates directly to the Am02 mole fraction in the PuOz solid solution. For this study the partial pressures of oxygen and water gas were 0.10 and 0.05 atm, respectively. dium oxide (Na,O). T h e Na20 forms because of the sodium carbonate. This emission suppression is on top of the effect caused by the lower temperatures in the FBU. For example, results from these studies allow an assessment of the FBU's afterburner emissions. This analysis gives volatilization rates of 2 x 1 0 -l~ g/yr PU, In a typical incinerator technology such as a rotary kiln, the chlorine in the waste produces a -10" atm (-10,000 ppm or -1%) HCl gas pressure in the combustion chamber. For this type of system, the calculated actinide volatilization rates in the off-gas are 1.5 glyr U, 2.2 x lo5 glyr Pu, and 4.4 x glyr Am.
However, these calculations assume the technology could operate at 550°C.z9 Once again, typical incinerators operate at greater than 1200°C, so these values are unrealistically low. Assuming the FBU operates with 99.9% HC1 capture efficiency, the HCI concentration is 10 ppm. At 10 ppm HC1 the calculated actinide volatilization rates in the FBU off-gas are 3.5 x io-' g/yr U, 3.3 x lo-'' g/yr Pu, and 6.8 x glyr Am. Once again, these calculations are for 550°C, which is a realistic operating temperature for the FBU.30 Table 11 , Scenarios 2 and 4 show these values for comparison with other estimates. These are concentrations of actinide metals entering the FBU APC system. These ~ data show the chlorine concentration in most thermal treatment processes significantly increases the volatility of actinides. However, the low HCI presence in the FBU only causes a minor addition to radionuclide volatilization. T h e FBU produces significantly fewer radionuclides that enter the APC system than other thermal treatment technologies. Table I11 (page 14) lists these waste materials as "suspect solid waste" and "suspect compressor oil." These wastes had a very low level of radionuclide contamination, well below 10 nanocuries per gram (nCi/g) of alpha radionuclides. Used engine oils from the Rocky Flats fleet garage, new diesel oil, and a minor amount of solid PVC and plastics were the primary wastes burned during equipment testing between 1985 and 1987. exhaust system annual radioactive air emission data from January, 1979, through January, 1987, the time of the demonstration-scale testing. Comparing Table 111 to Table IV shows no discernible correlation between FBU operation and radionuclide emissions. Even under upset conditions for the FBU, the off-gas would proceed through the multi-stage HEPA filtration system before release. Not recorded New diesel oil
Radionuclide Stack Emissions During
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-4 84
New diesel oil
-4 73
New diesel oil dioactive) the emissions resulting from ongoing Rocky Flats operations. The data suggests that dilution air from the Building 776 was a greater source of radionuclide releases than was the FBU system. Furthermore, all releases were below the allowable air pollution permit levels which ranged between 0.10 and 0.18 pCi.33 The variation in permitted release levels is consistent with allowable release being related to the activity concentration. Since nearly all radionuclides leave the FBU as particulates, filtration provides a successful means of control. As Table IV shows, Rocky Flats has significant, credible data to support permit applications and public discussions regarding FBU technology.
The 3,275 hours of pilot-scale testing and 881 hours of demonstration-scale testing validated more than just the air emission system, it also verified many other features of the FBU system. An example of this successful verification is the cyclone separators. T h e primary cyclone downstream from the primary reactor and the cyclone downstream from the afterburner 
34
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Bounds for Air Emission Estimates
Air pollution control system performance is a crucial safety concern for the FBU system. Evaluating these systems is complex, time consuming, and expensive.
To enable modeling of the preliminary designs for the FBU APC system, Rocky Flats made a conservative assumption about APC technology performance, which is:
Filtration penetrations (at a single particle size) were assumed to be multiplicative. This would be a poor assumption for a polydisperse particle-size distribution since the finer particles which tend to escape the first filter would also be most likely to escape the second filter. However, this assumption is justified in this case because the particle size distribution has been assumed to be monodisperse at the size most likely to escape the filter. The particles entering the second filter are no different from the particles entering the first filter, and thus the particle capture efficiency should not be affected by the order of the filter in the [air-pollution control] chain?8
This assumption is credible, easy to use, and leads to estimating conservative, upper limits for particulate emissions. Even using this assumption, the appropriate calculations estimate the Rocky Flats APC system far exceeds performance requirements established by applicable state and federal regulations. Industrial practice is to achieve low emissions without the dependence on expensive HEPA filters, unless specified by the customer. The FBU requires HEPA filters because they are a fundamental part of the DOE'S radiation control strategy and specified in various DOE orders. While this differs from industrial practice, the use of HEPA filters at DOE facilities builds upon a mostly successful tradition of engineering safe facilities for containment of radionuclide bearing materials. However, because of the FBU sys-RFP-4966 tem's low emissions, the system relies less on off-gas remediation and final HEPA filtration than many other incineration systems.
Proposed Air Pollution Control Measures Capture Nearly All Metal Particulates
Like radionuclides, metals are not destroyed during combustion; therefore, they must exit the combustion chamber either as solid in the bottom ash, or as vapor and particulate in the off-gas. Estimating the metals vaporized during mixed wastes combustion in the FBU took place using the thermodynamics equilibria model CET85 developed by the National Aeronautics and Space Administration's (NASA's) Lewis Research Center. The model estimates radionuclide and heavy metal behavior once they enter the APC system. The estimated stack emissions of particulate matter after the APC system is 1 x grains per dry standard cubic foot (gr/dscf). This value is well below the 0.08 gr/dscf BIF Tier I11 standard or the 0.015 gr/dscf municipal waste standard that Rocky Flats personnel anticipate Colorado authorities will impose.39
The NASA model assumes all reactions achieve chemical equilibrium in the combustion chamber and all elements mix intimately. This equilibrium approach is conservative, meaning it gives an upper limit for metal vaporization. The estimates err toward the conservative side because most combustors do not always maintain equilibrium and perfect, thorough mixing. Kinetics and mass transfer tend to inhibit the vaporization of metals, so actual vaporization is lower than predicted by the model. Currently there is not sufficient kinetic data for all possible compounds that may form during combustion to formulate a comprehensive kinetic model. However, the thermodynamic data available for this model is very good, so the analysis is state-of-the-art.
Calculations on 14 metal and three radioactive constituents assessed the APC system's ability to capture metals emitted from the FBU system. The metals 391bid., p. 7-22. are antimony, arsenic, barium, beryllium, cadmium, cesium, chromium, lead, mercury, nickel, selenium, silver, strontium, and thallium. T h e radioactive constituents are americium, plutonium, and uranium. All calculations assumed HCI concentrations at both 0 and 1,000 ppm which represent values lower and higher than expected in the FBU. These calculations conservatively estimate volatilization because some solid trapping and matrix effects are not part of the estimation. The presupposed metal content in every different type of Rocky Flats combustible, low level mixed waste matrix is 1 ppm for each metal and radionuclide. This is likely higher than the metal and radioactive content most applicable Rocky Flats wastes.
The model's caiculations indicate americium and plutonium isotopes are relatively refractory but significant vaporization occurs at 1,300"C when moderate levels of chlorine are present at fuel lean conditions. These estimates concur with the LLNL experimental calculations (see Table I , page 11). Cesium exemplifies the behavior of a volatile metal because calculations estimate the 1 ppm is fully in the vapor phase at temperatures higher than 600°C. Strontium and uranium are of intermediate volatility and exemplify the greatest dependence on chlorine and stoichiometry. For example, uranium is fully volatile at temperatures of 1,OOO"C under fuel rich conditions. However, uranium is fully volatile at temperatures as low as 700°C under fuel lean conditions due to the formation of oxyhydroxides and chlorinated oxyhydroxides. Strontium on the other hand becomes less volatile under fuel lean conditions. Thus thermal treatment devices operating at high temperatures are more likely to drive these metals to the vapor phase. These metals later condense into a fine fume that oblige the overuse of particulate control devices. of different particulate control devices including cyclones, sintered metal filters, and HEPA filters with off-gas cooling to 80°C. Condensation and aerosol dynamics determine the size of the metallic particles. The calculations considered how removal efficiency of each device varied as a function of particle size.
The investigation included several combinations
The estimation is the FBU APC system will remove all metals (except mercury) and radionuclides with a 99.9999999% efficiency. This system is three orders-of-magnitude more efficient at removing particulates than most DOE APC systems. T h e two key design components of particulate control devices are the efficient gas cooling to allow volatile metal condensation followed by capture of submicron size particles with metal and glass HEPA filters.40 Rocky Flats would like to conduct a mock trial burn using surrogate wastes at a licensed facility in California to demonstrate this system's efficiency.
Mercury is a highly volatile metal and in most .
cases remains in the vapor phase even at low AF'C device temperatures. Particulate APC devices will not capture mercury from the vapor phase. The inability of particulate control devices to capture mercury is as true for the FBU as for any other incineration technology. Mercury requires special management to prevent its presence in the waste or special technology to remove it from off-gas. Mercury off-gas scrubbing technology is expensive and creates waste byproducts. Therefore, the prudent strategy at Rocky Flats is to prevent the presence of bulk mercury in the waste by characterizing and segregating mercury bearing wastes from combustible wastes to prevent their entry into the FBU. In addition, Rocky Flats would pursue a permit that would allow treatment of wastes containing only suspect mercury levels or levels below detectable analytical limits.
T h e strategy to remove all mercury from the waste before FBU treatment appears feasible. Process knowledge characterization data show that only two of the 17 waste forms considered for FBU processing may contain mercury. These are the "FBI oils" and "excess chemicals" waste types. Chemical analysis of the 90.31 cubic meter (m3) of FBI oils shows the mer- 
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cury content is less than 0.94 p p~n .~' Additional data suggest that 0.94 ppm mercury concentration in the FBI oils waste form would not cause the FBU to exceed the BIF RAC emission limits for mercury.43 T h e 23.91 m3 of excess chemicals consist of out-of-date chemicals packaged for disposal from throughout the plant site, acid waste, and solid, expired chemicals. Segregation and analysis of this waste before initiating FBU treatment should provide a simple option for controlling mercury releases. Treatment methods other than incineration for the very small portions waste containing mercury may prove more economically prudent than incorporating mercury scrubbing technology into the APC system for the FBU.
Cementation or Polymer Encapsulation Can Successfully Immobilize FBU Ash
The Technology Development organization at Rocky Flats is pursuing several strategies for managing radioactive ash generated by FBU treatment. Efforts underway include characterizing ash generated by the pilot-and demonstration-scale FBU systems and feasibility testing several immobilization technologies using surrogate ash. Data collected using surrogate ash shows that at this time immobilizing with Portland cement at a 20 to 30% waste loading or polymer encapsulation at a 40 to 50% loading appears feasible. Immobilizing with microwave melting technology also remains possible. Immobilization using radioactive ash from the pilot-and demonstration-scale FBU process will occur with all three immobilization technologies in fiscal year 1995. 
Uiaracterikation
45
Rocky Flats personnel also gathered ash for immobilization development while collecting samples for the analytical characterization. Treatability studies took place using this radioactive ash and a pilot-scale, twin screw polymer extrusion unit in Building 779, Room 270 during the second week of February 1995. A similar treatability study used Portland cement with the ash in a laboratory-scale cementation facility in Building 779, Room 218, during the third week in February 1995. Immobilization treatability studies with this radioactive ash will take place before the end of fiscal year 1995 using the bench-scale microwave solidification unit in Building 774, Room 210. Cementation nologies using nonradioactive ash surrogates. Cementing uses Portland cement and polymer encapsulating uses low density polyethylene to immobilize the ash. T h e cementation study took place using a "best case" and a "worst case" surrogate matrix. Because cementing with a 30% ash content did not adequately immobilize all chromium, preparation took place of additional samples containing 20% and 30% surrogate ash. These cemented samples contained the chromium but not the other RCRA-listed heavy metals. Table X (page 23) shows the samples with 20% ash content met the EPA treatment standard of 5 ppm for chromium. However, the samples
Polymer Encapsulation
lized surrogate FBU ash. The study's samples included six metals (barium, cadmium, chromium, lead, selenium, and silver) spiked into surrogate ash at concentrations of 50,500 and 5,000 ppm. T h e surrogate ash A polymer encapsulation scoping study immobi- was different from cementation study surrogate. Two types of fly ash (types C and F) were the surrogates, and fly ash spiking took place using an incipient wetness technique. Both untreated and polymer encapsulated ashes were subject to TCLP analysis. T h e polymer encapsulated waste content was 50% spiked ash, 50% low density polyethylene (LDPE). Both sample types omitted the sodium carbonate found in the actual ash to simulate a "worst case" demonstration. The 51 52 situation was worst case because the sodium carbonate in the FBU ash can act to neutralize the acidity in the TCLP analysis, thereby lowering the amount of heavy metal in the final TCLP leachate. Consequently, all analysis using real ash, containing 5 to 25% sodium carbonate, should yield better TCLP analysis than are shown in this test.
analysis for the polymer encapsulation study. In both Table XI (page 24) shows the results of TCLP T h e incipient wetness impregnation technique first requires determination of the point of incipient wetness. Incipient wetness is defined as the volume of water required to completely wet the solid without any standing water being left on the solid. Unfortunately, fly ash behaves like a clay, slowly absorbing water and creating a thick sludge. This obscures the point of incipient wetness and makes mixing difficult. T o ensure the exposure of all the fly ash to the spiking solution, a small excess of water was used. This produced a slurry that could be easily mixed and still absorb all of the water within a few minutes. T h e volume of solution required was estimated to be approximately 0.45 milliliter per gram of ash. 
KFP-4966
untreated and treated wastes, the TCLP values were significantly lower than the levels of metal spiked into the fly ash matrix. Two factors contributed to the low concentration of metals in the leachate. First, the fly ash neutralized some of the acidity of the TCLP leaching solution and precipitated the metals as hydroxides. Second, some metal ions adsorbed onto the surface of the ash. The first of these two contributors probably had the greatest effect, resulting in a final pH of the extract of 11 for fly ash type C, and 10 for type F. Large increases in the metal spiking values generally led to only small increases in metal lea~hing.'~ Overall, the encapsulation process resulted in improved stabilization of the fly ash." All of the treated samples met the newest applicable RCRA treatment stannot relevant. Selenium does not appear in Table V , as the selenium levels are likely very low. Consequently, immobilizing selenium is not likely to cause a problem. However, knowing the actual levels of selenium in the FBU ash will require complete laboratory certified heavy metal analysis that is not yet available. Surprises are possible.
only the chromia-alumina catalyst material. Testing took place on three samples using the TCLP procedure on the following: unencapsulated catalyst, 50% catalyst in LDPE, and 40% catalyst in LDPE. ChroPolymer encapsulation tests also occurred using dards, except cadmium spiked at 5,000 ppm. However, as Table V (page 18) shows, the smallest size fraction of FBU ash contains less than 10 ppm cadmium, so problems encapsulating at higher cadmium levels are 53 This is consistent with the major stabilization mechanisms being neutralization of the solution rather than strong adsorption onto the ash surface. At the same time, the increase in metal spiking interfered with the ability of the ash to neutralize the leachate, resulting in a lower final solution pH. This, in turn, resulted in higher metal concentration in the leachate so1ution:Encapsulating the spiked fly ash in LDPE reduced the exposure of fly ash to the leachate solution. This was demonstrated by the reduced ability of the fly ash to neutralize the leachate solution and resulted in a final pH of about 5.2. Even though the LDPE also reduced exposure to the metals, the lower p H solution more effectively leached the metals. These two competing effects tended to slightly increase the leach rates at lower spike levels and greatly decrease leach rates at higher spike levels. This is a favorable situation for most metals. However, cadmium failed the TCLP in the encapsulated ash, where it has passed in the unencapsulated fly ash. mium was the only hazardous constituent present, but was present at a loading of 18% chromium by weight. Table XI1 (page 25) shows the results of the TCLP analysis. T h e unencapsulated catalyst failed the TCLP with a concentration of over 221 pprn in the extract. Encapsulation in LDPE at the 50% level reduced the chromium concentration in the extract to 5.4 ppm, which barely fails the 5.0 ppm treatment standard. Reduction of the catalyst loading to 40% in LDPE resulted in a TCLP extract concentration of 3.2 ppm, which easily passes. Therefore, LDPE encapsulation effectively stabilizes FBU ash. These surrogate test results will guide the experimental studies with the radioactive ash.
An advantage of the FBU is the ash is the only waste from the FBU. Since there is no aqueous off-gas scrubbing, there is no need to develop an immobilization technology for evaporator salts. Also, since the FBU is an all metal system, there is no need to develop an immobilization technology to bind up heavy metals Upper controI limit * chromium (Cr'6) in untreated incinerator ash ranges from 3.9 to 120 ppm." As the immobilization discussion (above) shows, cementation and polymer encapsulation technologies can safely bind the chromium in the ash to safe levels established under RCRA regulations. However, it seems ethically undesirable to treat organic waste via the FBU, and, at the same time, add a hazardous constituent, chromium. Also, chromium is 1,000 times more volatile than uranium, plutonium, or americium. Minimizing the incineration temperature and off-gas chlorine concentration minimizes metal volatility. Nevertheless, a chromium based catalyst almost guarantees some amount of chromium emission from the APC system, lyst. Since the chosen catalyst can alter the products of the combustion process, finding a catalyst that produces more HCl, less Cl,, and less chlorinated hydrocarbons-like vinyl chloride-would minimize off-gas emissions from the FBU. A catalyst that favors HC1 production is desirable because the chlorine in HC1 readily absorbs in the sodium carbonate sorbent.
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Work selecting a new catalyst material is taking place at CSM. T h e research used thermogravirnetric analysis and other techniques to evaluate the catalyst materials, and the evaluation is usually focusing on the break-down of PVC. T h e catalysts evaluated include supported oxides (like chromia-on-alumina) and unsupported bulk metal oxides. At this time the selection process has narrowed the evaluation to a proprietary Amocom catalyst, chromia-alumina (the existing Rocky Flats baseline), vanadium oxide (V,Os), manga- the primary bed for reuse in the hybrid system. The recirculated solids are waste, catalyst, and sorbent particles greater than about 40 pm diameter. Table VI (page 19) shows that 98.2% of the ash in the current FBU configuration is greater than 43 pm. Recirculating this material could improve the waste-to-ash ratio. However, the current FBU system waste-to-ash ratio varies from about 11:l to 251, depending on the type of waste. This ratio is very good, so improvement does not appear absolutely necessary.
reported for other incinerators, the ash from the FBU constitutes the sole waste from the process, already converted to a dry, pulverized form for immobilization and disposal. The waste produced by aqueous off-gas scrubbing in most thermal treatment processes are usually disregarded in weight and volume reduction figures and, indeed, completely ignored as being a secAlthough volume reduction appear less than those
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ondary waste that requires additional treatment for conversion to a disposable waste.61
The trade of€ with the hybrid design is chat the overall system throughput may decrease and operating costs may increase. However, a recent report cited a Government Accounting Office estimate that radioacOff-gas capture involves capture and storage of all combustion gases produced by the FBU. T h e purpose is to test all off-gas for hazardous and radioactive contamination before release to the environment and to guarantee 100% compliance with all applicable emission standards. Rocky Flats explored several off-gas capture concepts during this evaluation. Rocky Flats investigated off-gas liquefaction and contracted Los Alamos National Laboratory (LANL) to study absorption processes, chemical conversion processes, and adsorption processes. Off-gas liquefaction involves the capture of carbon dioxide (CO,) and water vapor generated by the combustion process. Rocky Flats investigated high and low pressure liquefaction systems. Either system would convert the FBU to a closed loop design, lead to some advantages in smaller emission volumes, and improve combustion efficiency. Of the two options, the low pressure system seemed preferable because of its lower costs and substantial industrial experience." cal conversion processes. T h e two off-gas absorption processes explored were base-and alkanol-amineabsorption. Base-absorption would only collect CO, gas; the investigators did not understand what influence, if any, N,, H,O, and other trace gases would have. What is known is these trace gases would only complicate the process. Alkanol-amine processes are simple and commercially available; however, they are highly corrosive. T h e two chemical conversion processes LANL investigated were the production of urea, LANL investigated off-gas absorption and chemi- 
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After evaluating all of the off-gas storage techniques, a peer review panel recommended suspending further effort on the off-gas capture concept for three reasons. They were:
1. Even the simpler off-gas capture systems are unnecessarily complex; Representative samples of the captured CO, 2.
may be difficult to obtain, and regulator experience with these systems would hinder start-up; and, T h e additional complexity of these systems (including off-gas recirculation systems) makes the perception of additional safety or efficiency from these systems ~nfounded.~' Instead, Rocky Flats is pursuing a state-of-the-art air pollution monitoring and control system as the safest, most cost effective APC option.
3.
Semi-permeable Membranes May Help Meet Future, More Stringent Emission Requirements
In the process of investigating off-gas capture and storage, Rocky Flats investigated membrane technology. T h e intent was to use membrane technology to assist with the capture and storage technology. This work to considering membranes for partitioning unwanted hydrocarbons from the off-gas. While tests at the Na- 
Control Capabilities
Eeyond the need to meet all regulatory concerns, mixed waste treatment will require the strictest process control capabilities to reap public acceptance. Fluidized bed technology is the most accepted technology by engineers for tight process control, and has a long history of success in applications requiring a tight safety envelope. In most cases, the fluidized bed is the reactor of choice whenever the exothermic heat is great, when there is a danger of a temperature runaway or explosion, and thus when strict and reliable temperature control is of paramount importance. Also, because of its large temperature flywheel effect, one can use much higher concentrations of feed in fluidized bed, we11 within the flammability region, resulting in significant cost savings.
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A large number of fluidized bed uses are for are synthesis reactions, but hydrocarbon cracking, carbonizing, gasifying, calcining, roasting, halogenating, reducing, biofluidizing, power generating and waste incinerating processes all have fluidized bed applications. These '' Daizo Kunii and Octave Levenspiel, op. cit., p. 34.
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MokeupNa,CO, applications include the production of phthalicanhydride through the catalytic partial oxidation of naphthalene, Fisher-Tropsch synthesis using carbon monoxide and hydrogen to produce an aliphatic gasoline substitute, and acrylonitrile production by the oxidation of propylene and ammonia. These processes are all extremely exothermic and use fluidized bed technology to prevent hot spots or a runaway reaction.73 In addition, these processes have operated safely in industries since the mid-1940s.
Rocky Flats is working toward a state-of-the-art instrumentation, monitoring, process control, and materials of construction for the new FBU. Operating cost for fluidized beds is also likely to be lower. Pressure drops through the beds are higher than through rotary kilns, but the power consumption is compensated by the lower excess air. T h e operating labor is also usually less for fluidized beds. Absence of moving parts and less thermal shock due to presence of bed solids (with their large total heat capacity) lead to less maintenance cost. 
0 Specific regulatory requirements including waste sampling and analysis, facility inspection, and enforcement; Duplication of regulatory specific requirements which could be more economically combined including waste packaging manifests, record keeping, financial assurance requirements, facility monitoring requirements, emergency preparedness and prevention requirements, and post closure failure scenarios; and Duplication of effort because of similar licensing and permitting procedures.
92
T h e successfully permitting and operation of a controversial hazardous incineration facility near Denver may help Rocky Flats. T h e facility is a submerged quench incinerator to treat 11 million gallons of liquid waste removed from the former Basin F surface impoundment at the Rocky Mountain Arsenal. T h e wastes are residuals from nerve gas production at the facility. This incinerator is now operating. A computer modem connects the effluent monitoring system of their incinerator to the regional offices of the EPA and the Colorado Department of Public Health and the Environment. T h e permit effort also included substantial public involvement in the selection process for the incineration technology. Facility costs for the Arsenal incinerator are about $80,000,000. All waste destruction at the Arsenal will rake place within a two year period. T h e Army has no future plans for using this facility after treating the Basin F waste.
FBU Capital Cost Estimates
Rocky Flats is in the process of evaluating the cost of an FBU system. Initial capital cost estimates for this project are $38,000,000. This estimate includes decontamination, decommissioning, and renovating 15,000 square feet (ft') on the first floor of Building 707 within Modules E, F, and G. In addition 3,000 ftz will require renovation on the second floor for required ventilation modifications. The estimate includes a l,!j00 ftz loading dock with drive lanes added to the west face of Building 707 to facilitate liquid storage and treated waste shipment." partment of Energy lessons learned documentation and on lessons learned at the Department of the Army, Rocky Mountain Arsenal. The cost estimate does not include ash immobilization facilities because these facilities are being built as part of other capital projects. T h e estimate includes a real time monitoring siimilar to the Arsenal system to facilitate permitting. Building selection took place in 1994. Capital design work by an architectural engineering firm would begin in the second quarter of fiscal year 1997 in order to keep pace with current compliance agreements."
The basis for the cost estimates come from DeRecommendation EG&G Rocky Flats, Inc., recently recommended that DOE Rocky Flats Field Office (RFFO) place develolpment of the FBU on hold pending a decision to take place in late 1996. At that time, RFFO and their contractors will decide whether to pursue thermal treatment of its combustible low-level mixed waste streams, or to pursue a suite of non-thermal technologies. This decision is taking place under the aegis of a compliance agreement with the Colorado Department of Public Health and the Environment and EPA Region VIII. 
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At this time, EG&G management is sufficiently confident that if combustion is the selected option in 1996, sufficient technical and cost information is available for a fair appraisal of fluidized bed technology when compared to other thermal treatment technologies, and that remaining development work required for implementing this technology can take place concurrently with the capital installation project. Discontinuing development at this time seems a prudent risk that does not compromise the ability to implement this process, if selected, and allows to EG&G to concentrate current development efforts on non-thermal technologies in order to more fairly evaluate them.
EG&G's FBU Team took an innovative, costsaving approach to develop this technology using a variety of industry, academic, and governmental experts and resources. Resuming work on the FBU project is possible and may prove beneficial to other incinerator projects within the DOE as a way to quickly and inexpensively test air-pollution control and monitoring strategies and equipment. 
